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INTRODUCTION
The homotropic cooperativity in Escherichia coli aspartate transcarbamoylase (E. C.
2.1.3.2)
is directly related to the ability of the substrates to induce a structural and functional transition of the enzyme from a low-activity low-affinity T state to a high-activity highaffinity R state (1) . Structurally the conversion of the enzyme from the T to the R state involves an elongation of the enzyme by 11 Å along the molecular three-fold axis along with a twist of the two catalytic subunits of about 5° in opposite directions (2) . This structural transition also results in a simultaneous rotation of each regulatory dimer about its own two-fold axis. In addition to these quaternary structural changes, the T to R transition involves structural alterations on the tertiary level. For example, during the T to R transition each catalytic chain undergoes a domain closure in which the aspartate domain moves 3 Å towards the carbamoyl phosphate domain, resulting in a major reorganization of the interdomain interface. In addition to this tertiary rearrangement of domains, several loop regions in the catalytic chains undergo significant rearrangement. Specifically, the 80s loop in the carbamoyl phosphate domain rearranges from being held out of the active site in the T state to a new conformation that positions the side chains of Ser80 and Lys84 in contact with the substrates bound in the active site of an adjacent catalytic chain in the R state. The reorientation of the 240s loop containing residues 230-245 of the aspartate domain is intimately involved in the quaternary change. Residues within this loop region are involved in T-state stabilizing interactions connecting the upper and lower catalytic subunits. These intersubunit interactions are absent in the R state, in which residues of this loop now form Page 4 by guest on July 15, 2017 http://www.jbc.org/ Downloaded from intrachain interactions with residues in the opposing carbamoyl phosphate domain (1) .
Probing of these interactions in earlier studies through site-specific mutagenesis has shown them to be critical in attaining the full R-state conformation (3) .
In order to determine the influence of domain closure on the heterotropic and homotropic properties of aspartate transcarbamoylase in this work we construct two hybrid forms of the enzyme. Each of these hybrids has one wild-type catalytic subunit and one catalytic subunit in which each of the chains has a single amino acid substitution, rendering that subunit inactive. Therefore, using these hybrid enzymes we were able to measure the kinetic parameters due to the wild-type catalytic subunit within the context of the holoenzyme. In this fashion we can determine what effect if any the inactive subunit has on the wild-type subunit. The two inactive catalytic subunits used have mutations in the active site, R54A or R105A. As seen in Figure 1 , both Arg54 and Arg105 interact with the bisubstrate analog, N-phosphonacetyl-L-aspartate (PALA) 1 , bound in the active site of the enzyme (4). Although both the side chains of Arg54 and Arg105 interact with the carbamoyl phosphate portion of PALA, the kinetic consequences of these two mutations are quite different. Affinity for both carbamoyl phosphate and aspartate are little influenced by the R54A mutation, while the affinity for both substrates is reduced substantially for the R105A mutation (5) . The model of the proposed tetrahedral intermediate in the active site of the PALA-ligated structure (4) reveals that the interactions for the Arg105 side chain to the tetrahedral intermediate are similar to those observed to PALA, but change dramatically for the Arg54 side chain. For the Arg54 side chain, interactions to the tetrahedral Page 5 intermediate occur only with the anhydride oxygen, not present in PALA. Functionally, the R54A enzyme exhibits a 17,000-fold reduction in maximal velocity as opposed to the R105A enzyme which exhibits only a 1,100-fold reduction in maximal velocity (5) . The model of the tetrahedral intermediate (4) suggests that the role of Arg54 is to stabilize the negative charge on the phosphate leaving group and is not involved in substrate binding. Not only are these mutations different functionally but structurally as well. In both cases X-ray structures of the mutant holoenzymes have been determined in the presence of PALA. The structure of the R54A holoenzyme in the presence of PALA is virtually identical to that of the wild-type R state except at the site of the amino acid substitution (6).
The results for the R105A holoenzyme in the presence of PALA are much different.
Although the enzyme was crystallized with ten times as much PALA as the wild-type, the structure of the R105A enzyme was in the T state with no PALA bound at the active site (7) . Thus the amino acid substitution prevents the binding of PALA and the conversion of the enzyme into the R state.
Hybrids constructed from one wild-type catalytic subunit and one R54A catalytic subunit, (R54A-C)(AT-C)R 2 , should interact with substrates in a much different fashion than the corresponding hybrid with the R105A catalytic subunit, (R105A-C)(AT-C)R 2 . In the case of the (R54A-C)(AT-C)R 2 hybrid, the mutant catalytic subunit can bind substrates normally and undergo domain closure and the allosteric transition but contribute no significant catalytic activity, while in the case of the (R105A-C)(AT-C)R 2 hybrid the Overexpression and purification of the aspartate transcarbamoylase wild-type and mutant catalytic subunit The AT-C, R105A-C and R54A-C catalytic subunits were overexpressed utilizing strain EK1104 [F -ara, thi, ∆(pro-lac), ∆pyrB, pyrF ± , rpsL] (9) containing plasmids pEK357 (10), pEK99 (5) and pEK78 (5), respectively. Bacteria were cultured at 37°C with agitation in M9 media (11) containing 0.5% casamino acids, 12 µg/mL uracil and 150 µg/mL ampicillin. Cells were harvested and resuspended in 0.1 M Tris-Cl buffer, pH 9.2 followed by sonication to lyse the cells. Two 65% ammonium sulfate fractionation steps were performed. Ion-exchange chromatography using QSepharose Fast Flow resin was used to purify the enzyme further (12). After concentration, the purity of the enzymes were checked by SDS-PAGE (13) and nondenaturing PAGE (14, 15) .
Overexpression and purification of aspartate transcarbamoylase regulatory subunit -
The aspartate transcarbamoylase regulatory subunit was overexpressed utilizing strain Page 8 by guest on July 15, 2017 http://www.jbc.org/ Downloaded from EK1104 containing plasmid pEK168 (10) . Bacteria were cultured at 37°C with agitation in M9 media (11) containing 0.5% casamino acids, 12 µg/mL uracil, and 150 µg/mL ampicillin. Cells were harvested and resuspended in 0.1 M Tris-Cl buffer, pH 9.2, 0.1 mM zinc chloride followed by sonication to lyse the cells. Two 65% ammonium sulfate fractionation steps were performed. As previously described, ion-exchange chromatography using Q-Sepharose Fast Flow resin was used to initially purify the regulatory subunit (16) . The regulatory chain was further purified by ion-exchange chromatography using Source-Q. The Source-Q (1 cm x 10 cm) column was equilibrated with 50 mM Tris-acetate buffer, pH 8.3, 2 mM 2-mercaptoethanol, and 0.1 mM zinc acetate at a flow rate of 1 ml/min. After the sample was loaded, the column was washed with five column volumes of 50 mM Tris-acetate buffer, pH 8.3, 2 mM 2-mercaptoethanol, 0.1 mM zinc acetate. This was followed by a gradient (total volume of ten column volumes) of 0-50% 50 mM Tris-acetate buffer, pH 8.3, 2 mM 2-mercaptoethanol, 0.1 mM zinc acetate, 1.0 M NaCl. After concentration of the appropriate fractions, the purity of the regulatory subunit was checked by SDS-PAGE (13) and nondenaturing PAGE (14, 15) .
Formation and purification of reconstituted holoenzymes -Equal amounts of purified
R105A-C or R54A-C catalytic subunit and AT-C catalytic subunit were mixed with excess regulatory subunit and dialyzed overnight against 50 mM Tris-acetate buffer, pH 8.3, 2 mM 2-mercaptoethanol and 0.1 mM zinc acetate (17) . The mixture was examined by nondenaturing PAGE to confirm the existence of the three holoenzyme species, (R105A-
Separation of the species was performed using the UNO Q-1 column as indicated above.
Determination of protein concentration -The concentration of the wild-type regulatory subunit was determined from absorbance measurements at 280 nm using the extinction coefficients of 0.32 cm 2 mg -1 (18) . The concentrations of the mutant enzymes Determination of nucleotide concentration Nucleotide concentrations were determined at pH 7.0 from absorbance measurements at the λ max using the respective molar extinction coefficients of the nucleotides.
Aspartate transcarbamoylase assay -The aspartate transcarbamoylase activity was measured at 25° C by the colorimetric method (20) . Saturation curves were performed in duplicate, and data points shown in the figures are the average values. Assays were performed in 50 mM Tris-acetate buffer, pH 8.3. Data analysis of the steady-state kinetics was carried out as previously described (21) . Fitting of the experimental data to theoretical equations was accomplished by non-linear regression. When substrate inhibition was negligible, data were fit to the Hill equation. If substrate inhibition was significant, data were analyzed using an extension of the Hill equation that included a term for substrate inhibition (22) . The nucleotide saturation curves were fit to a hyperbolic binding isotherm by non-linear regression.
Small-angle X-ray scattering -The small-angle X-ray scattering experiments were performed on Beam Line 4-2 at the Stanford Synchrotron Radiation Laboratory (3.0 GeV, 50-100 mA). A significantly upgraded version of the small-angle scattering instrument was used. The specimen-to-detector distance was 95 cm, and the X-ray wavelength was tuned to 1.381 Å using the Si(111) double-crystal monochromator (23) . A linear gas chamber detector filled with a Xe/CO 2 mixture was used in the experiment. Total counting rate on the detector was between 30,000 -90,000 counts per second. The scattering curves are expressed as the momentum transfer h (h = 4π(sinθ) / λ), where 2θ and λ are the scattering angle and the wavelength of the X-ray beam, respectively) which was calibrated using the (100) reflection from a cholesterol myristate powder sample held at the specimen position. Sample solutions were maintained at 25° C. All scattering curves were normalized Page 10 
RESULTS

Formation, Purification and Steady State Kinetics of (R54A-C)(AT-C)R 3 -The hybrid
holoenzyme containing one AT-C catalytic subunit and one R54A-C catalytic subunit was generated by mixing R54A-C and AT-C catalytic subunits with excess regulatory subunit.
The resulting species were identified by nondenaturing PAGE and the (R54A-C)(AT-C)R 3 , (R54A-C) 2 R 3 and (AT-C) 2 R 3 holoenzymes were purified by anion exchange chromatography ( Figure 2 ). Figure 3 shows the aspartate saturation curves of the reconstituted hybrid holoenzymes and the kinetic parameters calculated from these curves are given in Table 1 
Influence of the Heterotropic Effectors on the (R54A-C)(AT-C)R 3 Holoenzyme -
The influence of the heterotropic effectors ATP and CTP on the (R54A-C)(AT-C)R 3 holoenzyme was determined at one-half the [Asp] 0.5 . This aspartate concentration was selected since the nucleotides exert a larger influence on the activity of the enzyme as the aspartate concentration is reduced (24) . Based upon these nucleotide saturation curves, the maximal extent of activation or inhibition at infinite nucleotide concentration was determined. As seen in Figure 4 , ATP activates the (R54A-C)(AT-C)R 3 holoenzyme 356%, essentially the same activation as observed for the wild-type enzyme. CTP inhibits the (R54A-C)(AT-C)R 3 holoenzyme to a residual activity of 35%, slightly less than the 20% residual activity observed for the wild-type enzyme (Figure 4) .
Formation, Purification and Steady State Kinetics of (R105A-C)(AT-C)R 3 -The
Page 12 by guest on July 15, 2017 http://www.jbc.org/ Downloaded from hybrid (R105A-C)(AT-C)R 3 was generated by mixing R105A-C and AT-C catalytic subunits with excess regulatory subunit. The resulting species were identified by nondenaturing PAGE and the (R105A-C)(AT-C)R 3 holoenzyme was purified by anionexchange chromatography (data not shown). Figure 3 shows the aspartate saturation curves of the reconstituted hybrid enzymes and the kinetic parameters calculated from these curves are given in Table 1 . The (R105A-C)(AT-C)R 3 holoenzyme exhibited a sigmoidal saturation curve with a Hill coefficient of 1.7, similar to the (R54A-C)(AT-C)R 3 holoenzyme. The maximal velocity of (R105A-C)(AT-C)R 3 holoenzyme was 3. Figure 3) .
Influence of the Heterotropic Effectors on the (R105A-C)(AT-C)R 3 Holoenzyme -
The influence of the heterotropic effectors ATP and CTP on the (R105A-C)(AT-C)R 3 holoenzyme was determined at one-half the [Asp] 0.5 . Based upon these nucleotide saturation curves, the maximal extent of activation or inhibition at infinite nucleotide concentration was determined. As seen in Figure 4 , ATP activated the (R105A-C)(AT-C)R 3 holoenzyme 164%, less than one-half the activation observed for the wild-type and (R54A-C)(AT-C)R 3 holoenzymes under the same conditions. CTP inhibited the (R105A-C)(AT-C)R 3 holoenzyme to a residual activity of 85%, significantly less than the residual activity of 20% displayed by the wild-type enzyme and 35% residual activity displayed by the (R54A-C)(AT-C)R 3 holoenzyme (Figure 4 ). The influence of ATP was also determined at an aspartate concentration equal to four times [Asp] 0.5 . This concentration was used to determine if the lower than expected activity observed for this holoenzyme was due to the inability of carbamoyl phosphate and aspartate to bring about the full T to R Page 13 by guest on July 15, 2017 http://www.jbc.org/ Downloaded from transition. If the substrates were unable to bring about the full T to R transition, ATP may still be able to activate the enzyme at saturating aspartate concentrations. However, no activation was observed at this higher aspartate concentration (data not shown). 
Small-angle X-ray scattering of the (R105A-C)(AT-C)R 3 holoenzyme
DISCUSSION
In the work reported here, two hybrid versions of aspartate transcarbamoylase were constructed and characterized to more fully understand how substrate binding and the subsequent tertiary movements in one catalytic subunit affect the other catalytic subunit in the holoenzyme, and how these tertiary movements are related to the global allosteric transition. To create the hybrid species, the wild-type catalytic subunit was engineered to carry six extra aspartic acid residues, which served as a chromatographic handle in the purification. Previous work has shown that the aspartate tail does not affect the structure or function of the catalytic subunit or the holoenzyme (10).
The binding of aspartate to aspartate transcarbamoylase saturated with carbamoyl phosphate initiates a series of tertiary changes that induce the quaternary transition from the T to the R state (1) . Within the catalytic chain the tertiary structural changes associated with the transition include the closure of the carbamoyl phosphate and aspartate domains along with major reorientations of the 80s and 240s loops (1) . These conformational changes result in the repositioning of certain side chain residues that are critical for catalysis. In this study, we successfully applied the technology previously developed (10) to create two hybrid enzymes, which allowed us to study how the aforementioned tertiary dynamics in one catalytic subunit affect catalysis and regulation in the other catalytic subunit of the holoenzyme. In each case, one of the two catalytic subunits is wild-type while the other catalytic subunit has a single amino acid substitution which renders it inactive under the assay conditions used. The mutations, R54A and R105A, were selected because of the Page 15 significantly different properties of the holoenzymes that have these mutations in all six catalytic chains (5) . Through comparing and contrasting of the kinetic properties of these two hybrid enzymes, we obtained a clearer view of how the two catalytic subunits of aspartate transcarbamoylase work in concert in the holoenzyme.
Previous hybrid experiments have combined active and inactive subunits with wildtype regulatory subunits, however, these early hybrids were created and analyzed at a time when little structural data on the enzyme was available. As a result, the mutations made to inactivate one catalytic subunit most likely produced structural ramifications beyond the local site of the amino acid substitution or modification making the extension of the conclusions to the wild-type enzyme unclear. In their original hybrid study, Gibbons et al. (27) created the C N C P R 3 hybrid enzyme, which consisted of a native catalytic subunit, C N , a pyridoxylated catalytic subunit, C P and native regulatory subunits, R. The pyridoxylation of the catalytic subunit was the result of a specific reaction involving reduction of a Schiff's base formed between pyridoxyl 5'-phosphate and a lysine side chain on each of the catalytic chains. Though the exact site of this pyridoxylation was not known at the time, kinetic characterization of the holoenzyme in which all six chains were modified in this manner indicated that the reaction effectively inactivated the enzyme. It is now known that the residue pyridoxylated is Lys84, a residue located on the flexible 80s loop. The role of this loop as well as this specific residue has been extensively characterized (28) . It has been shown that upon the T to R transition the 80s loop undergoes a dramatic rearrangement from being held out of the active site in the T state to being in the active site with residue 84 Page 16 binding the substrate in the R state. If Lys84 was modified by pridoxylation, the R state conformation of active site would likely be unattainable with the 80s loop in an altered conformation in the C P subunit due to steric hindrance created by the pyridoxyl moiety.
In another hybrid experiment, Gibbons et al. (29) created the C N C M R 3 hybrid enzyme consisting of a native catalytic subunit, a catalytic subunit carrying a mutated residue, C M , and native regulatory subunits, R. In this case, the mutation was the result of a missense mutation. Again it was unknown at the time the exact location of the mutation, however, kinetic characterization verified that the alteration was sufficient to inactivate the C M C M R 3 holoenzyme. Subsequent studies on the C M C M R 3 holoenzyme identified the mutation as a Gly128 being changed to an aspartic acid (30) . Marked changes in the reactivity of several amino acid residues of the C M C M R 3 holoenzyme suggest that the single amino acid change in this location is sufficient to cause significant modification of the tertiary structure of the protein. Experimental data also revealed weakened subunit interactions in the mutant holoenzyme, suggesting an altered quaternary structure (31) . The extraneous structural alterations in these hybrid systems prompted us to create carefully designed hybrids, which cause only the described local changes and thus could more accurately mimic the wild-type protein allowing an accurate assessment of how the two catalytic subunits of the molecule interact.
As seen in Table 1 This reduction is to be expected as the number of active sites has effectively been reduced by 50%, and is reminiscent of the earlier active/inactive hybrids (27) .
Striking differences between the two hybrid holoenzymes can be seen in the activity measured per active site and the regulation by the nucleotide effectors. The (R54A-C)(AT-C)R 3 species behaves as would be expected for an enzyme with half the number of active sites. The activity per active site is essentially equal to the activity per active site in the wild-type enzyme. A lack of catalysis in one half of the enzyme appears to have no deleterious effects on the functional active sites in the other catalytic subunit. Similarly, the nucleotide effectors, ATP and CTP are able to activate and inhibit respectively the (R54A-C)(AT-C)R 3 enzyme to nearly wild-type levels. In contrast, the lack of bound substrates in the R105A-C subunit has a significant and negative effect on the functional active sites within the (R105A-C)(AT-C)R 3 hybrid. Without the substrates binding to the R105A-C active sites, the resulting lack of domain and loop movements prevent the full catalytic potential of the wild-type active sites in the context of this hybrid holoenzyme. Page 18 Furthermore, the lack of substrate binding to half of the (R105A-C)(AT-C)R 3 holoenzyme reduces the ability of the regulatory nucleotides to modulate catalytic activity. Could these results be due in part to a failure of the enzyme to undergo the T to R transition? Previously it has been shown that substrate binding at only a fraction of the active sites, in fact less than three of the active sites is sufficient to allow the full T to R transition (7). Small-angle Xray scattering experiments performed on the (R105A-C)(AT-C)R 3 hybrid established that PALA can induce the full quaternary conformational change from the T to the R state, similar to that observed for the wild-type enzyme. Thus, a more likely explanation for the negative complementation effects observed for the (R105A-C)(AT-C)R 3 hybrid is that the improper formation of the R-state active sites in the mutant subunit has a global effect on the ability of the active sites in the wild-type catalytic subunit from attaining their correct R-state conformation.
The data presented in this study suggests that there are no distinct catalytic units within the holoenzyme. Based upon these data and previous functional (1) and structural studies (32) Table I ). Colorimetric assays were performed at 25° C at a saturating concentration of carbamoyl phosphate (4.8 mM) in 50 mM Tris-acetate buffer, pH 8.3. 
